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[1] Recent optical observations of aerosols in the upper
stratosphere and mesosphere show significant amounts of
extinction at altitudes above about 40 km where the strato-
spheric sulfate aerosol layer ends. Recent modeling of this
region reveals that meteoritic smoke settling from the meso-
sphere and its interaction with the upper part of the sulfate
aerosol layer is the origin of the observed extinction. Extinc-
tion in this region has major implications for the interpreta-
tion and analysis of several kinds of aerosol data (satellite
and lidar). We compare observations from the SAGE II sat-
ellite and from NOAA’s lidar located at Mauna Loa, Hawaii
to extinction profiles derived from the Whole Atmosphere
Community Climate Model (WACCM) coupled with the
Community Aerosol and Radiation Model for Atmospheres
(CARMA). Our results show that a major source of extinc-
tion exists in the region above about 30 km that must be
addressed by all remote sensing instruments that have tradi-
tionally used the stratosphere above about 30 km as an
aerosol free region to estimate the molecular component of
their total extinction. It is also shown that meteoritic smoke
not only contributes to but also becomes the dominant
source of aerosol extinction above 35 km and poleward of
30 degrees in latitude, as well as above 40 km in the tropics.
After addressing the concerns described here, current and
past observations of this region could be reanalyzed to fur-
ther our understanding of meteoritic dust in the upper
stratosphere. Citation: Neely, R. R., III, J. M. English, O. B.
Toon, S. Solomon, M. Mills, and J. P. Thayer (2011), Implications
of extinction due to meteoritic smoke in the upper stratosphere,
Geophys. Res. Lett., 38, L24808, doi:10.1029/2011GL049865.
1. Introduction
[2] Hunten et al. [1980], following on work by Rosinski
and Snow [1961], suggested that evaporation and recon-
densation of much of the approximately 40 tons of micro-
meteors ablating in the atmosphere each day would lead to
nanometer-sized smoke particles near the mesopause. They
suggested that these particles would slowly coagulate to
larger sizes and drift downward, creating a relatively uni-
form smoke layer that extends into the lower stratosphere.
While numerical models of the properties of the particles
have been constructed [e.g., Megner et al., 2008; Bardeen
et al., 2008], and numerous rocket soundings have probed
them, it is only recently that optical observations of mete-
oritic smoke in the mesosphere and upper stratosphere (35 to
85 km) have confirmed their existence [Hervig et al., 2009].
Here we show that these particles provide a major source of
optical extinction in the upper stratosphere that remote
sensing instruments currently ignore when attempting to
separate the amount of extinction due aerosols from the
molecular component of their total observed extinction.
Omitting this component of the total extinction leads to
biases in retrieved extinction profiles throughout the strato-
sphere because it leads to an over-estimate of the molecular
extinction. Consequently, a recalibration is necessary for
measurements that determine aerosol extinction based on
fitting observations to density profiles at altitudes where the
atmosphere is incorrectly assumed to be “clean” (purely
molecular). Vernier et al. [2009] demonstrate such a recali-
bration for the CALIPSO dataset. However, Vernier et al.
[2009] did not identify the species of aerosol responsible
for the observed extinction within the original calibration
range, which is the focus of the present study. It is also noted
that when these concerns have been addressed, current
datasets hold the potential to reveal new information about
meteoritic smoke.
[3] Rosen [1964] first postulated that meteoritic material
might compose some of the stratospheric aerosols below
30 km, based on observations using photoelectric counters on
balloons. These first-reported observations of meteoritic
stratospheric aerosol suggested large fluxes of meteoritic
material into the atmosphere. During this same time, the first
lidar measurements were motivated by observations that
suggested layers of aerosol existed above 60 km [Fiocco and
Smullin, 1963; Clemesha et al., 1967]. These layers were
attributed to the break up of meteoroids and the descent of the
subsequent particles [Fiocco and Colombo, 1964]. Though it
was later found that these observations may have been erro-
neous due to the interference from the instrument [Bain and
Sandford, 1966], it is interesting to note the importance of
meteoritic smoke in lidar observations since their beginnings.
[4] Hunten et al. [1980] produced an initial model of the
distribution of the micrometeorites from the mesosphere to
the stratosphere, while Turco et al. [1981] showed from
models that meteoritic debris could represent an important
natural aerosol constituent of the stratosphere and would
affect the observable properties of stratospheric aerosols.
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The first global and temporal study of meteoritic smoke was
conducted by Megner et al. [2008] using a two-dimensional
model. This study showed the inadequacies of the simplifi-
cation used by previous one-dimensional models due to the
latitudinal and season dependence of the distribution of the
meteoritic smoke. Bardeen et al. [2008] conducted the first
three-dimensional modeling of meteoritic smoke and showed
that the mesospheric meridional circulation may create strong
and seasonally varying latitudinal gradients in the meteoritic
smoke because of rapid transport downward into the strato-
sphere in the winter polar vortices, where smoke particles
may participate in the nucleation of sulfate aerosols and
influence the formation of polar stratospheric clouds.
[5] Recent in situ observations in the lower stratosphere
made by Murphy et al. [1998, 2007] demonstrate that the
meteoritic component of stratospheric aerosol is significant
during volcanically quiescent periods. More than 50% of
aerosol contains magnesium and iron at about 20 km and
this fraction becomes more significant higher in the strato-
sphere (Figure 1) [Murphy et al., 2007]. This altitude trend is
consistent with a meteoritic source. This has been confirmed
by the recent work of Hervig et al. [2009] who show the first
observations of meteoritic smoke in the upper atmosphere
derived from remote sensing instruments.
[6] Here we show the need for the inclusion of these
particles when retrieving observations of the sulfate aerosol
layer in the lower stratosphere (15 km to 40 km) with remote
sensing instruments. Model-derived aerosol extinction pro-
files, with and without meteoritic smoke, are compared to
profiles observed by SAGE II [Chu et al., 1989] and by the
NOAA Global Monitoring Division’s lidar located in Mauna
Loa, HI [Barnes and Hofmann, 1997, 2001; Hofmann et al.,
2003, 2009]. These comparisons show that meteoritic smoke
contributes a significant proportion to the observed aerosol
extinction in the upper stratosphere. Descending through the
atmosphere, extinction by smoke is initially dominated by
absorption, but scattering by mixed smoke-sulfate aerosols
becomes the dominant process below about 32 km. In this
second case the smoke particles cause the sulfate layer to
have a larger number of relatively smaller sulfate aerosol
particles. This allows the particles to have longer residence
times and increase the total abundance of aerosol at these
altitudes [Turco et al., 1981]. It is also noted that the entire
SAGE II extinction record (1984-2005) displays noticeable
extinction in the region above 30 km, though the cause of the
extinction has not previously been recognized as meteoritic
smoke particles.
2. Model Description
[7] We use the Whole Atmosphere Community Climate
Model (WACCM) [Garcia et al., 2007] coupled with the
Community Aerosol and Radiation Model for Atmospheres
(CARMA) [Toon et al., 1988]. The application of the cou-
pled WACCM/CARMA model to stratospheric aerosols is
described by English et al. [2011]. Although CARMA is
capable of interacting radiatively and chemically with
WACCM, for these studies the interactions were mainly
disabled. This version of WACCM utilizes SAGE II sulfate
surface area densities for radiative transfer and ozone het-
erogeneous chemistry calculations. Further description of
the specific setup of WACCM and CARMA used in this
study may be found in the auxiliary material.1
Figure 1. Comparison of the fraction of mixed sulfate-meteoritic smoke aerosol to total aerosol by number between the
model and observations reported by Murphy et al. [2007].
1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL049865.
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[8] The meteoritic smoke in this model is based on the
work of Bardeen et al. [2008]. Previous studies of micro-
meteorite ablation are used to specify the altitude of the
emission and the amount of mass emitted as described by
Bardeen et al. [2008]. The formation of smoke is repre-
sented in the model as a constant source of particles emitted
globally into the smallest smoke aerosol size bin between the
altitude levels of 0.01 hPa (75 km) and 0.0001 hPa (110 km)
(see the auxiliary material for details). For this work, the
composition of meteoritic smoke is important because the
refractive index depends strongly on the particle composi-
tion. Observations and modeling suggest that meteoritic
smoke is optically similar to a mixture of olivine and hema-
tite [Hervig et al., 2009]. Based on Hervig et al. [2009], this
work assumes a 75%/25% mixture of olivine and hematite,
and uses a linear combination of the appropriate optical
constants from the work of Jäger et al. [2003] and Huffman
and Stapp [1973]. The index of refraction for the sulfate
aerosols is better understood due to the less complex com-
position of the aerosol (binary sulfuric acid and water). As
suggested by Palmer and Williams [1975], the real part of the
index of refraction at visible wavelengths is allowed to vary
as a function of the weight percent of sulfuric acid. Absorp-
tion by the sulfate aerosol is insignificant due to the small
imaginary component of the refractive index of sulfuric acid
at visible wavelengths and is not considered in the calcula-
tions shown here. The mixed sulfate population is modeled as
homogenous particles using the same index of refraction as
the pure sulfate population. This was done rather than mod-
eling the particles as concentric spheres because the impact of
the smoke particle core, which increases the absorption of the
aerosol, is negligible compared to the scattering caused by
the larger sulfate mantle [Bohren and Huffman, 1983]. All
Mie calculations used to determine aerosol extinction and
backscatter in this analysis use Bohren and Huffman’s [1983]
algorithms that were adapted for use in MATLAB byMätzler
[2002] and assume that the particles are spheres.
3. Observation-Model Comparison
[9] In Figure 1, we compare the vertical profile of the
fraction of the aerosols containing smoke from annually
averaged model simulations to the observations presented by
Murphy et al. [2007]. The in situ measurements reported by
Murphy et al. [1998, 2007] suggest that the meteoritic
component of stratospheric aerosol increases with height.
The observations come from three aircraft measurement
campaigns flown from Houston, TX, Key West, FL and San
Jose, Costa Rica onboard the NASA WB-57F, which we
averaged. Model output is averaged over a similar geo-
graphic region as the observations. Measurements represent
the fraction of the total number of particles that have positive
ions from both sulfate and meteoritic smoke (as defined by
Murphy et al. [2007]). The model fraction is derived from
the total number of particles contained in the mixed sulfate-
smoke size bins compared to the total number of aerosols
(only particles with wet radii larger than 300 nm were
counted from the model in order to match the detection
ability of the instruments used by Murphy et al. [2007]),
including those that are pure sulfates. The comparison dis-
plays overall agreement and demonstrates the model’s abil-
ity to capture the increasing importance of meteoritic smoke
with height and the complexities of the interactions of
meteoritic smoke with sulfate aerosol.
[10] In Figure 2, model calculations that include and
exclude meteoritic smoke are compared to SAGE II aerosol
extinction retrievals averaged from 2000 to 2005 in the tro-
pics (20°S to 20°N) and northern mid-latitudes (45°N to
70°N). Both sets of model output compare well to SAGE II
observations between 20 and 30 km. This suggests that
Figure 2. Globally averaged model aerosol extinction profiles (525 nm) are compared to aerosol extinction profiles (total
extinction profiles with Rayleigh scattering subtracted) from Stratospheric Aerosol and Gas Experiment (SAGE) II satellite
retrievals [Chu et al., 1989] at a wavelength of 525 nm. The SAGE data are averaged from years 2000–2005. Simulations are
10-yr averages. WACCM data points have been converted from a vertical model pressure grid to geometric altitudes (using
model derived temperature profiles) for the comparison. The Rayleigh scattering lines are shown as a comparison for the
amount of scattering caused by the molecular atmosphere.
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sulfates dominate aerosol extinction in this region. How-
ever, above 30–35 km the two models diverge beyond the
standard deviation of the observations in the mid-latitudes.
The model including the smoke source much more closely
resembles the observations above 30–35 km. The model
without smoke diverges from the SAGE II observations at a
lower altitude in mid-latitudes than in the tropics. The
southern hemisphere follows similar trends to the northern
hemisphere, but is on average 15% lower in the amount of
extinction caused by aerosol.
[11] This latitude dependence is further illustrated in
Figure 3, which depicts the zonal averaged percentage of
extinction due to meteoritic smoke compared to the total
amount of extinction due to all aerosols in the model
(meteoritic, mixed sulfate-meteoritic, and pure sulfates).
Poleward of 30° in latitude, the role of meteoritic smoke
above 35 km is significant. In the tropics, meteoritic smoke
dominates above about 40 km. Of course the smoke also
modifies the extinction due to the mixed particles, which is
not included in Figure 3. As can be judged from Figure 2,
adding smoke changes the extinction at mid-latitudes by
about a factor of 2 at 25 km. Much of this change comes
from the impact of meteoritic smoke particles on the observ-
able properties of the sulfate aerosol.
[12] In Figure 4, modeled aerosol backscatter coefficients
and derived lidar aerosol backscatter coefficients are com-
pared to demonstrate how neglecting the impact of meteor-
itic smoke can lead to an underestimate of the scattering due
to aerosols. The aerosol backscatter is determined by sub-
tracting the Rayleigh backscatter from the total observed
backscatter. We have included a model derived Rayleigh
backscatter profile to demonstrate the total amount of
backscatter expected in an aerosol-free atmosphere. The
lidar profiles are mean profiles taken from data spanning
from 2000 to 2010 with major volcanic influences filtered
out. Modeled profiles come from an average of ten years of
model simulation.
[13] In this comparison, the original lidar profile most
closely resembles the modeled profile without smoke emis-
sions. The model aerosol backscatter including smoke
exceeds the original lidar-retrieved aerosol backscatter
above 25 km, suggesting the current retrieval underestimates
the amount of aerosol scattering. This result is a conse-
quence of the lidar aerosol retrieval method. The procedure
used by the Mauna Loa aerosol lidar to separate the aerosol
component of the backscatter from the molecular part was
pioneered by Fernald et al. [1972] and Klett [1981] and is in
wide use within the lidar community [Russell et al., 1979;
Thayer et al., 1997; Hofmann et al., 2003; Pappalardo et al.,
2004]. The method uses an altitude range near the top of the
raw lidar backscatter profile (determined by a trade off
between signal strength and where aerosol impacts were
thought to be negligible) to provide a reference point for a
molecular density profile derived from a model or other
observations. The adjusted Rayleigh profile is then projected
down through the lower altitudes of the backscatter profile
and any deviations of the actual lidar profile from the cali-
brated Rayleigh profile may be attributed to aerosols. Russell
et al. [1979] showed how small deviations in the top of the
profile used to derive the molecular profile, attributed to
aerosol scattering, can cause definite biases in the aerosol
profiles. Russell et al. [1979] also show that including a
small correction to account for additional aerosol scattering
at the calibration altitude can improve the retrieved aerosol
profiles, as compared to those obtained when the topside
calibration altitude is erroneously assumed to be aerosol
free. Furthermore, recent observations from the CALIPSO
lidar by Vernier et al. [2009] suggest an increase in aerosol
to Rayleigh ratio in the tropical stratosphere that ranges from
2-12% with an average of 6%. Based on these observations
and model results, we apply an 8% adjustment to the cali-
bration region between 35 to 40 km.
[14] In Figure 4, the impact of the adjustment in the
retrieval process as suggested by Russell et al. [1979] and
Vernier et al. [2009] is evident. The modeled aerosol
Figure 3. Percentage of modeled zonal average total aero-
sol extinction at 532 nm due to meteoritic smoke alone. This
was calculated by taking the ratio of the extinction caused by
meteoritic smoke particles alone to the total amount of
extinction from all aerosols (meteoritic smoke plus mixed
and pure sulfates) included in the model. Average comes
from 10 years of model run time.
Figure 4. Comparison of the NOAA Mauna Loa, HI lidar
aerosol backscatter (total backscatter minus Rayleigh back-
scatter) averaged from 2000 to 2010 to mean aerosol back-
scatter profiles derived from 10 years of model simulations,
with and without the meteoritic smoke source, taken from
the model grid box closest to Mauna Loa. Error bars repre-
sent 1s standard deviation. The arrow represents the altitude
where an 8% adjustment to the calibration scattering ratio
was made to the original lidar data to account for the presence
of meteoritic smoke.
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backscatter when smoke is included now more closely
compares to the lidar observations, suggesting that such an
adjustment is required to take into account the effect of
meteoritic smoke at the lidar calibration altitude. While the
altitude level at which meteoritic smoke dominates the
extinction declines with increasing latitude as shown in
Figure 2, the altitude at which lidars chose to determine their
molecular profile is also lower at higher latitudes. Hence we
conclude that most stratospheric lidars are generally not
correctly attributing the extinction observed above 30 km to
the correct source.
[15] While we have concentrated in this paper on dis-
cussing the role of meteoritic smoke above 30 km on lidar
observations, English et al. [2011] show that the models also
tend to depart from the data below 20 km. There are several
reasons for these departures as discussed by English et al.
[2011]. The observations presented by Murphy et al.
[2007] suggest that differences between models and obser-
vations from SAGE II and lidar in the section of the profile
from the tropopause to 20km could be due to the exclusion
of carbonaceous aerosols in model. Carbonaceous aerosols
have tropospheric sources and may account for a significant
fraction of the total aerosol in this region.
4. Summary and Discussion
[16] Comparisons of observations to model derived
extinction profiles in the stratosphere with and without the
inclusion of smoke suggest that the extinction caused by
meteoritic smoke and its interaction with the sulfate aerosol
is significant down to altitudes as low as 25-30 km at mid-
latitudes and 35 km in the tropics. Hence the presence of the
smoke needs to be considered in remote sensing retrievals.
When this extinction is omitted, lidar measurements appear
to be biased through a significant depth of the stratosphere,
down to near 30 km in the tropics.
[17] The radiative forcing of the meteoritic smoke has not
been fully explored but is thought to be insignificant com-
pared to the amount of forcing caused by lower stratosphere
aerosols reported for example by Solomon et al. [2011].
Based on the recalibration of CALIPSO by Vernier et al.
[2009], we assume the error in backscatter from improp-
erly calibrating lidar data is on the order of 8-12%. This
value also corresponds to the amount of adjustment in the
recalibration of the lidar profile in Figure 4 needed to match
the modeled aerosol. This change in scattering suggests that
if the results of Solomon et al. [2011] had used the unad-
justed CALIPSO data the amount of cooling attributed to
extinction from the stratosphere since 2000 would have
been reduced by 5% (0.01W/m2). Possible solutions to
achieve more accurate calibration include calibrating instru-
ments within regions of the atmosphere in which information
about the extinction of meteoritic aerosol is known and may
be included within retrievals. SAGE and other similar
observations (including lidar observations after addressing
the concerns described in this work) above about 30 km
altitude reflect the behavior of meteoritic smoke, and could
be mined to learn more about temporal trends and latitudinal
behavior of meteoritic smoke as well as its impact upon the
sulfate aerosol layer.
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